Introduction simple scaffold of axon tracts is pioneered by a small number of neurons that differentiate at highly predictMolecular and genetic studies of neurogenesis in Droable locations (Chitnis and Kuwada, 1990 ; Wilson et sophila have established a framework for understanding al., 1990) . In this study, we focus on the patterning of the mechanisms that underlie the generation and fate epiphysial neurons located in the roof of the diencephaspecification of neurons in the developing nervous syslon. Neurons within the epiphysis (or pineal organ) are tem. Competence to become a neural precursor is conamong the first to differentiate and initiate axogenesis ferred by proneural genes, while neurogenic genes conwithin the forebrain (Wilson and Easter, 1991a) . The trol the singling out of neuronal precursors from clusters functional properties of the pineal complex have underof proneural cells (Jan and Jan, 1994 ; Artavanis-Tsakogone considerable transformation from a simple photonas et al. , 1995) . Although the mechanisms that control receptive structure in many anamniotes to a neuroendoneuroblast identity are less well understood than those crine organ in mammals (Korf and Oksche, 1986) . In that regulate neuroblast formation, several regulatory Xenopus larvae, this organ is responsible for a simple factors involved in the determination of neuroblast idenescape response initiated by change of illumination tity have been characterised (Doe and Skeath, 1996) . (Roberts, 1978; Foster and Roberts, 1982) . Here, we Functional characterization of vertebrate homologs of demonstrate that there are two classes of neurons in Drosophila proneural and neurogenic genes suggests the zebrafish epiphysis: photoreceptors and projection that many aspects of neurogenesis may be conserved neurons. During neurogenesis, small numbers of neubetween invertebrates and vertebrates (Simpson, 1995) .
rons are produced sequentially within the epiphysis, and However, some differences are likely to exist. For inthese neurons progressively differentiate as either phostance, within the vertebrate central nervous system toreceptors medially or projection neurons laterally. (CNS), homologs of the neurogenic genes Notch and We show that the floating head (flh) gene and masDelta are involved in regulating the generation of neuterblind (mbl) locus influence neuronal production within rons from epithelial cells already committed to a neural the epiphysis. flh is a homeobox containing gene required for notochord formation ; identity, and a role in segregating neural from nonneural Talbot et al., 1995) . In the CNS, flh is expressed in epiboth anti-tubulin and anti-Pax6 antibodies indicates that the Pax6 ϩ cells are projection neurons ( Figure 1D ). physial precursor cells and in flh Ϫ embryos, both producSince the pineal organ of many anamniote species is tion and differentiation of epiphysial neurons is severely photoreceptive, we determined whether the embryonic disrupted. The mbl mutation causes forebrain defects zebrafish epiphysis contains photoreceptors in addition in which the telencephalon and eyes are reduced or to projection neurons. Several antibodies to photoremissing (Heisenberg et al., 1996) . In mbl Ϫ embryos, epiceptor-specific antigens demonstrated that photorephysial neurons differentiate ectopically throughout the ceptors are present. The FRet43 antibody labels a memroof of the rostral forebrain. We demonstrate that the brane-associated protein expressed in the double-cone mbl gene product is required to prevent Flh activity in class of retinal photoreceptors (Larison and Bremiller, forebrain tissue rostral to the epiphysis, and that the 1990). This antibody reveals about 10-12 cells located epiphysial phenotype of mbl Ϫ embryos depends on ecmedially in the epiphysis of prim20 stage embryos (Figtopic Flh activity. ure 1E) . The FRet43 ϩ cells extend short axons that terminate at the lateral boundary of the epiphysis ( Figure 1E ).
Results
To confirm that the FRet43 ϩ cells are likely to be true photoreceptors, anti-opsin labeling and electron miThe Embryonic Epiphysis Contains Photoreceptors croscopy was performed. The lamellar outer segments and Projection Neurons of the FRet43 ϩ photoreceptors are located at the midline Using a combination of labeling techniques, photoreof the epiphysis and are labeled with anti-opsin antibodceptor neurons and projection neurons were identified ies ( Figure 1F , and data not shown). within the developing epiphysis ( Figure 1M ). Application
To confirm that projection neurons and photorecepof diI to the roof of the diencephalon labels axons extors are two discrete classes of neuron, both cell types tending ventrally from the epiphysis and terminating in were labeled in the same embryo. Retrograde labeling the ventral diencephalon ( Figure 1A and Wilson and Easof projection neurons through application of diI to their ter, 1991a, 1991b). These axons arise from neurons in axons in combination with FRet43 antibody labeling lateral regions of the epiphysis as visualised with anticonfirmed that projection neurons are located lateral tubulin antibody labeling ( Figure 1B In contrast to Pax6, the islet-1 gene was found to be paired-type homeodomain proteins (Chalepakis et al., expressed by photoreceptors and projection neurons. 1993). In zebrafish, pax6 is initially widely expressed in Islet-1 was originally identified as a protein that binds neuroepithelial cells, but as differentiation proceeds, its to enhancer elements in the rat insulin gene (Karlsson expression becomes restricted to subsets of neurons. et al., 1990 ) and more recently has been shown to be . By the prim20 stage (see Kim- expressed in many neurons at or near the time that they mel et al. 1995 for staging), about 8-10 cells in the epiphundergo their final mitosis (Ericson et al., 1992; Pfaff et al. 1996) . In zebrafish, anti-Islet-1 antibody labels many ysis express pax6 ( Figure 1C ). Labeling of embryos with (C) Anti-Pax6 labeling in a prim20 embryo. Prominent signal is detected in neuronal nuclei located in lateral regions of the epiphysis (arrowheads). Many neuroepithelial cells in the diencephalon ventral to the epiphysis also express Pax6, accounting for the out-of-focus labeling lateral to the epiphysial neurons. of the earliest neurons to differentiate in the brain . About 35-40 Islet-1 ϩ cells are located throughout the epiphysis by the prim20 stage ( Figure  1I ). Labeling of embryos with antibodies to FRet43 or tubulin and also to Islet-1 indicated that Islet-1 is present in photoreceptors ( Figure 1J ) and in projection neurons ( Figure 1K ). Islet-1 is also present in cells that show no immunoreactivity with antibodies to differentiated photoreceptors or projection neurons ( Figure 1L , and data not shown). The location of these Islet-1 ϩ cells adjacent to proliferative ventricular cells (as demonstrated by BrdU incorporation; data not shown) suggests that they are newly generated and have yet to differentiate fully ( Figure 1L ). In support of this interpretation, we find that Islet-1 is expressed several hours before neuronal differentiation (see below).
Small Numbers of Epiphysial Neurons Are Produced
Sequentially from Zash-1a-Expressing Neuroepithelial Cells Analysis of the temporal generation of neurons revealed that small numbers of both classes of neurons differentiate sequentially within the epiphysis. By the 14 somite (s) stage, a single pair of Islet-1 ϩ neurons are detected in lateral regions of the condensing epiphysis ( Figure  2A ). About 4 hr later, a single pair of projection neurons initiates axogenesis (Wilson and Easter, 1991b) . These observations suggest that the first two Islet-1 ϩ neurons may differentiate as the projection neurons that pioneer the dorsoventral (DV) diencephalic tract. The number of Islet-1 ϩ neurons gradually increases, such that 8 cells are detected by 18s, about 24 cells by 24s, 32 cells by prim5, and 35-40 cells by prim20 ( Figures 2B-2D and  1I ). Reflecting the changes in the numbers of Islet-1 ϩ neurons, the numbers of mature photoreceptors (Figures 2E and 1E) and projection neurons (data not shown and see Wilson and Easter 1991b) showed similar gradual increases in numbers over time.
Zash-1a is a zebrafish homolog of the Drosophila ac-sc proneural genes that is expressed in the developing epiphysis . To determine the relationship between Zash-1a expression and production of Islet-1 ϩ neurons, embryos were labeled with probes to both genes. At the 6s stage, Zash-1a is expressed in a strip of cells in the diencephalon ( Figure  2F ). Beyond this stage, expression disappears from more ventral cells such that by 14s, Zash-1a expression colocalizes with the epiphysis ( Figure 2G ). The first Islet-1 ϩ cells are produced within the Zash-1a-express- At 18s (H), Zash-1a is expressed throughout the prospective epiphy-(B) 18s.
sis, including the first Islet-1 ϩ neurons. At 24s (I and J), Zash-1a is (C) 24s.
still widely expressed throughout the epiphysis, though occasional (D) prim5.
Islet-1 ϩ /Zash-1a Ϫ neurons (arrowhead) can be detected. By prim20 (E) Anti-FRet43 labeling of photoreceptors (arrowhead) at prim10 stage (K), Zash-1a expression is very weak, although many epiphysstage.
ial cells still express Islet-1 (very pale brown in this panel but com-(F-G) Zash-1a expression at 6s (F) and 14s (G) stages. Zash-1a pare to Figure 1I ). Abbreviations: e, epiphysis ; h, hindbrain; m-h; expression is initially detected in the ventral forebrain and a stripe midbrain/hindbrain boundary; nPC, nucleus of posterior commisof cells in the middiencephalon (F). Later, expression in the midsure; PR, photoreceptor; and vf, ventral forebrain. Scale bars: (A-E), diencephalon restricts to the epiphysis (G). 50 m; (F) and (G), 250 m; and (H-K), 25 m.
( Figure 2H ). Thus, the epiphysial region consists of Zash-4E and compare to 1L). Furthermore, fully mature projection neurons and photoreceptors are absent at the 1a ϩ /Islet-1 Ϫ neuroepithelial cells and Zash-1a ϩ /Islet-1 ϩ neurons. As Zash-1a is expressed throughout the epiphprim20 stage ( Figures 4F-4I ). However, markers of differentiated photoreceptors and projection neurons were ysis, the Zash-1a ϩ /Islet-1 Ϫ cells are likely to include precursor cells that will give rise to the Islet-1 ϩ neurons.
eventually detected by examining flh Ϫ embryos at later stages ( Figures 4J and 4K ). Thus, mutation of the flh Zash-1a expression in neurons is only transient, such that by 24s, some Islet-1 ϩ /Zash-1a Ϫ neurons are degene leads to a severe reduction in numbers, and delay in maturation of both classes of epiphysial neurons. tected (Figures 2I and 2J) , and by the prim20 stage, Zash1a expression is very weak ( Figure 2K ), while many neurons continue to express Islet-1 ( Figure 1I ).
The Epiphysial Phenotype of flh Ϫ Embryos Is Due to a Block in the Production of Neurons
The reduction of Islet-1 ϩ cells and mature neurons in flh Is Expressed in the Anlage of the Epiphysis the epiphysis of flh Ϫ embryos suggests that Flh regulates flh is a homeobox containing gene that plays a critical the production of epiphysial neurons. To elucidate its role in the differentiation of the notochord (Talbot et role in this process, early stages of neuronal production al., 1995). We found that flh is also expressed in the were analyzed by comparing Islet-1 and Zash-1a exepiphysis, consistent with observations of expression pression in flh Ϫ and wild-type embryos. We found that of related genes in Xenopus and chick (von Dassow et Islet-1 ϩ neurons are produced normally from 14s-18s al., 1993; Stein and Kessel, 1995; Knezevic et al., 1995) .
in flh Ϫ embryos, but beyond this stage, their number In situ hybridization revealed that flh is expressed from does not increase ( Figures 5A-5D ). Up to the 14s stage, early stages, long before neuronal differentiation is obZash-1a expression is also similar between wild-type served within the epiphysis. By 80%-90% epiboly, flh and flh Ϫ embryos. Thus, as in wild-type embryos, Zashexpression is detected bilaterally at the edges of the 1a expression is detected both in Islet-1 ϩ neurons and neural plate in the prospective dorsal diencephalon (Fig- more widely in Islet-1 Ϫ neuroepithelial cells of flh Ϫ emure 3A). As the neural plate condenses medially to form bryos ( Figure 5E ). However, by 18s, Zash-1a expression the brain, these bilateral signals converge dorsally to is reduced and is restricted to the small population of fuse at the midline by the 8s stage ( Figures 3B-3E ). At Islet-1 ϩ neurons ( Figure 5F ), whereas in wild-type emearly stages, the epiphysis is not a discrete structure bryos, the gene is still widely expressed in Islet-1 Ϫ neuand cannot be distinguished using morphological criteroepithelial cells at this stage ( Figure 5G ). By the prim5 ria ( Figure 3F ). However, comparative gene expression stage, Zash-1a expression is completely absent from and forebrain morphogenesis studies indicate that at all the epiphysis of flh Ϫ embryos ( Figures 5H and 5I) . Thus, stages, the domains of flh expression colocalize with beyond 18s, Zash-1a expression is absent from neurothe presumptive epiphysial region of the diencephalon epithelial cells of the epiphysis, and there is no further (D. Delaney, K. A. B., and S. W. W., unpublished data).
increase in the number of Islet-1 ϩ neurons. In support of this conclusion, the first Islet-1 ϩ neurons Our data suggests that the reduced number of epiare produced within the flh-expressing territory (Figures physial neurons in flh Ϫ embryos is due to a block in the 3G and 3H). Beyond the 18s stage, the epiphysis beproduction of Islet-1 ϩ neurons beyond the 18s stage. comes a more discrete structure that colocalizes with However, an alternative interpretation of the flh Ϫ phenothe domain of flh expression ( Figure 3I ). flh is expressed type is that Islet-1 ϩ neurons continue to be produced throughout the entire epiphysis ( Figures 3J and 3K) .
beyond the 18s stage, but that they die shortly after production, giving the impression of a static number of Neuronal Differentiation Is Defective neurons. To ascertain which of these possibilities was in the Epiphysis of flh Ϫ Embryos the most likely, we followed the fate of the Islet-1 ϩ neuTo determine whether Flh plays a functional role in the rons in flh Ϫ embryos. forebrain, neuronal patterning was examined in flh Ϫ emTo determine if cell death could account for the failure bryos. The morphology of the brain in flh Ϫ embryos apto accumulate Islet-1 ϩ cells, we monitored apoptosis pears normal ( Figure 4A ), and the pattern of Islet-1 distriusing the TUNEL technique to label DNA fragmentation. bution indicates that many neurons in the rostral CNS, Wild-type and flh Ϫ embryos were examined from 14s to with the exception of the epiphysis, are normally proprim20, a period during which Islet-1 ϩ neurons normally duced ( Figure 4D , and data not shown). Furthermore, the increase in number from 2 to about 35-40. No increased pattern of differentiated neurons and axon pathways, levels of cell death could be detected in the epiphysis including the posterior commissure just caudal to the of flh Ϫ embryos (data not shown) as would be expected epiphysis and the habenular commissure just rostral to if neurons were being continually produced and reit, are also normal (Figures 4B, 4I, and 4K; and data moved by cell death. not shown). These observations show that there are no
The second approach that we followed was to deterglobal patterning defects in the brains of flh Ϫ embryos. mine the eventual fate of the small number of Islet-1 ϩ Despite the presence of an epiphysial vesicle in flh Ϫ neurons in flh Ϫ embryos. We have suggested that they embryos ( Figure 4A ), the number of Islet-1 ϩ nuclei is undergo a delayed program of differentiation but evenreduced to four or five at the prim20 stage, suggesting tually generate mature epiphysial neurons ( Figure 4K ). a severe depletion of neurons ( Figures 4C and 4D) . InTo provide further support for this interpretation, we deed, in flh Ϫ embryos, the epiphysis remains a simple sought to identify a marker that is coexpressed by single-layered neuroepithelial structure within which the Islet-1 ϩ epiphysial neurons at earlier stages of differentiation than the mature neuronal markers. Lim3 is an LIM reduced numbers of Islet-1 ϩ cells are distributed (Figure domain containing homeoprotein expressed in subsets effects of flh and mbl mutations on neuronal production and differentiation in the epiphysis are illustrated in Figof neuronal cells (Appel et al. 1995) . In the epiphysis, ure 6J. we found that lim3 expression was initiated in a small population of epiphysial neurons several hours after IsThe Epiphysial Phenotype of mbl Ϫ Embryos let-1 is first expressed ( Figure 5J , and data not shown).
Is Mediated by Ectopic Flh Activity In flh Ϫ embryos, the small number of Islet-1 ϩ neurons Photoreceptors are generated in a much greater excoexpress lim3 by the prim10 stage ( Figure 5K ). This panse of the forebrain roof of mbl Ϫ embryos than is indicates that the Islet-1 ϩ neurons in prim10 stage flh Ϫ encompassed by the normal distribution of flh tranembryos have initiated a program of differentiation and scripts. Two possibilities could account for the generaare unlikely to be newly generated.
tion of these ectopic neurons-either they could be genThus, production of epiphysial neurons proceeds relaerated independently of Flh or else Flh activity could be tively normally for a few hours in flh Ϫ embryos, but it expanded throughout the forebrain roof in mbl Ϫ emappears that this process is blocked by late somite bryos. To determine which possibility is correct, we exstages, temporally coincident with the loss of Zash-1a amined whether mbl spatially regulates flh expression expression in neuroepithelial cells. The small number of and whether the ectopic epiphysial neurons require neurons generated in flh Ϫ embryos are severely delayed functional Flh for their generation. in their maturation, but at least some of them eventually By the 1s stage, flh expression is expanded rostrally express markers of differentiated photoreceptors and along the margins of the neural plate of mbl Ϫ embryos projection neurons.
( Figure 7A ). Throughout later stages, the enlarged domain of flh expression is maintained in dorsal tissue of Epiphysial Neurons Are Ectopically Induced the rostral forebrain (compare Figure 7B to 3G). These in mbl Ϫ Embryos observations suggest that one function of mbl is to localTo identify genes that interact with Flh in the regulation ize Flh activity to the epiphysis by directly or indirectly of neuronal patterning in the epiphysis, we sought to inhibiting flh expression in rostral regions of the dorsal characterize other mutations that have defects in epiforebrain. To begin to address how the mbl gene product physial development. mbl is a mutation affecting foreinfluences Flh activity, we performed a series of transbrain development in which the telencephalon and eyes plantations of wild-type cells into either mbl Ϫ or wildare reduced and the diencephalic region extends anteritype embryos. In five such experiments, the wild-type orly, resulting in the formation of a larger epiphysis (Figcells incorporated into the rostral forebrain of mbl Ϫ emure 6A and Heisenberg et al., 1996) . To elucidate how bryos. The wild-type cells did not ectopically express mbl affects epiphysial neuron production, we examined flh, suggesting that wild-type mbl activity can act cell the generation and differentiation of photoreceptors and autonomously to prevent flh activation ( Figure 7C ). In projection neurons in mbl Ϫ embryos. contrast, when wild-type cells incorporated into the epiIn mbl Ϫ embryos, Islet-1 ϩ neurons are increased by physial region of wild-type embryos, they initiated exabout 2-to 3-fold by the prim20 stage forming an enpression of flh ( Figure 7D ). larged epiphysial vesicle that extends rostrally through Analysis of Zash-1a and Islet-1 expression indicated the roof of the forebrain (compare Figures 6B and 6C) .
that both genes are activated during the development By prim20, photoreceptors are also increased 2-to of both normally positioned and ectopic epiphysial neu-3-fold and differentiate and maintain appropriate polarrons in mbl Ϫ embryos. At early stages, Zash-1a expresity and cell shape within the elongated epiphysis ( Figure  sion is similar between wild-type and mbl Ϫ embryos 6E). Projection neurons also appear to be increased in ( Figure 7E ), but by 15s, the gene is ectopically induced numbers in mbl Ϫ embryos, although at the prim20 stage, in clusters of cells throughout the roof of the forebrain they are predominantly located within the caudal region ( Figure 7G ), and by the prim5 stage, expression is obof the enlarged epiphysis ( Figures 6G and 6I) . The posteserved throughout the domain of ectopic flh expression rior commissure and the number and positions of neu-(compare Figures 7B to 7H ). Islet-1 expression also exrons caudal to the epiphysis are not obviously affected pands rostrally following the changes in Zash-1a expresin mbl mutants suggesting that mbl activity is restricted sion (data not shown) such that it is eventually detected throughout the dorsal forebrain ( Figure 6C ). to the forebrain ( Figures 6C and 6G) . The contrasting 
Discussion
In this study, we show that the dorsal forebrain is subdivided into at least two regions, a dorsal diencephalic domain within which epiphysial neurons are generated and forebrain roof tissue rostral to this domain (Figure 8 ).
The homeobox gene flh is expressed in the prospective dorsal diencephalon from late gastrulation stages demarcating the domain where epiphysial neurons will later be generated. In flh Ϫ embryos, neurogenesis in the epiphysis is severely disturbed, indicating a requirement for Flh in the generation and differentiation of epiphysial neurons. We show that mbl gene activity is required to limit flh expression to the caudal forebrain. In mbl Ϫ embryos, the domain of Flh activity expands rostrally, allowing the ectopic generation of epiphysial neurons throughout the forebrain roof. As we discuss below, the inhibition of diencephalon-specific gene expression in the telencephalic domain of the forebrain provides a novel insight into how differences between telencephalon and diencephalon may arise.
mbl Is Required to Localize Expression of flh to the Epiphysial Domain of the Dorsal Diencephalon Patterning events initiated during gastrulation limit flh expression to a localized region of the neural plate corresponding to the territory that will later form the epiphysis. The spatially restricted induction of flh is lost in mbl Ϫ flh Ϫ embryo, whereas it is present throughout the epiphysis, including Islet-1 ϩ neurons (white dots) in the wild-type embryo. In the wild-type embryo, bilateral spots of expression are observed at the edge of the neural plate, whereas these signals expand rostrally and fuse around the front of the neural plate in the mbl Ϫ embryo. At this stage of development, it is not possible to use morphological criteria to distinguish wild-type from mutant embryos. Expanded flh expression was observed in 10 of 42 embryos at the 1s stage. Based on Mendelian segregation and the fact that mbl is a recessive mutation, we concluded that the 10 embryos were all homozygous for the mbl mutation. (B) flh expression in a mbl Ϫ prim5 embryo. By comparison to wild-type (shown in Figure 3 ), flh expression in the epiphysis expands anteriorly throughout dorsal tissue of the forebrain. flh expression in the tip of the tail seems to be normal.
(Legend for Figure 7 continued on following page)
Based on studies in amphibians, it has been proposed that two signaling events influence anteroposterior (AP) patterning of neural tissue during gastrulation. The first is termed activation and involves the induction of neural tissue with anterior character. Later during gastrulation, it is proposed that a caudalizing or transforming signal diverts rostral CNS tissue to a more caudal fate (Doniach, 1995) . Our data (this study and Heisenberg et al. 1996) suggest that in addition to a caudalizing signal, there also exists a mechanism suppressing caudal diencephalic identity and promoting telencephalic identity. If our data is compatible with the two signal models, we would predict that the activation signal might actually promote diencephalic and not telencephalic fate. Subsequent patterning events could then divert prospective diencephalic tissue either to more caudal or to more dorsal-rostral CNS fates.
flh expression spreads through the rostral forebrain of mbl Ϫ embryos only in cells at an appropriate dorsal location, indicating that DV patterning is regulated independently of the fate switch between rostral forebrain and diencephalon. The restriction of ectopic flh expression to dorsal cells could arise if mbl activity is normally restricted to these same dorsal forebrain cells. However, It is intriguing that mbl Ϫ embryos may exhibit forebrain embryos in which flh expression is initiated along the features characteristic of a more ancestral CNS pattern. entire margin of the rostral neural plate. This observation
The structures that are reduced or absent include the indicates that one function of mbl is to prevent flh tranlateral eyes and the telencephalon. Both telencephalon scription in the rostral neural plate during late gastrulaand eyes are specialized evaginations of dorsal foretion, thereby limiting epiphysial neurogenesis to the caubrain tissue that are highly developed in craniate verdal diencephalon. In addition to flh, the expression tebrates. The possibility that suppression of caudal domains of zOtx2 (Li et al., 1994) , wnt-1 (Molven et al., diencephalic fate allowed evolutionary expansion and 1991), and several other genes expand rostrally in mbl Ϫ specialization of dorsal forebrain tissue is an attractive embryos (Heisenberg et al., 1996; I. M., C.-P. H., and hypothesis that predicts that the chordate ancestors of S. W. W., unpublished data). Thus, mbl may be required the craniate vertebrates would have forebrain territory to suppress diencephalic fate and promote telenceequivalent to the diencephalon but would lack telencephalic tissue. Indeed, neuroanatomical analysis of phalic identity. 
amphioxus suggests that the cerebral vesicle in this
Is flh a Prepattern Gene? Spatially regulated activation of proneural genes estabspecies is homologous to the diencephalon of craniate vertebrates (Lacalli et al., 1994 The acquisition of neuronal identity is thought to be a it develops into a stratified structure containing many multistep process in which different regulatory genes neurons in wild-type embryos.
have specific roles at specific stages. Our study demonThe homology between Zash-1a and other proneural strates three steps in the regulation of neurogenesis in genes with known functions in neurogenesis, together the dorsal forebrain (Figure 8 ). The first two steps are with the strong correlation between Zash-1a expression initiated during gastrulation and limit the expression of and neuronal production in the epiphysis, suggest that flh to dorsal neural tissue and to a discrete domain along this gene is involved in some aspect of epiphysial neurothe AP axis in the caudal diencephalon. It seems likely genesis. An attractive possibility that is consistent with that regulation of flh in the AP and DV axes is indepenthe loss of Zash-1a expression in neuroepithelial cells dent, as deregulation of expression along the AP axis in flh Ϫ embryos is that the gene is involved in regulating does not interfere with the DV position of activation. mbl the production of postmitotic neurons from proliferative is required to localize flh expression along the AP axis, neuroepithelial cells.
thus inhibiting Flh activity in cells rostral to its approThe loss of Zash-1a expression in flh Ϫ embryos indipriate domain of function. The third step in the generacates that Flh activity is required to maintain expression tion of dorsal forebrain neurons involves Flh-dependent of this gene in the epiphysis. As Flh encodes a homeoregulation of neuronal production. Our study has begun protein, one possibility is that it could activate Zash-1a to elucidate the pathways linking CNS patterning to neutranscription in a manner similar to the regulation of rogenesis in the epiphysis. Within the CNS neuroepithellethal of scute (l'sc) by the homeobox gene gooseberryium, Zash-1a and many other genes likely to be involved distal (gsb-d) in Drosophila (Skeath et al. 1995) . Analoin the generation of neurons are activated at many other gous to the situation in flh Ϫ embryos, l'sc expression sites, equally as discrete as the epiphysial domain of is initiated in gsb-d Ϫ embryos, but expression is not the diencephalon. This raises the possibility that Flh may maintained. Furthermore, similar to the situation in mbl Ϫ be one of many transcriptional regulators that localize embryos, ectopic activation of gsb-d leads to expansion neuronal production to discrete domains of the CNS of l'sc activity and ectopic induction of neurons characneuroepithelium. teristic of the l'sc proneural cluster.
Perhaps surprisingly, the flh mutation appears to un-
Experimental Procedures
couple morphogenesis of the epiphysis from the production of neurons within this structure. Thus, in the
Maintenance of Fish
Breeding fish were maintained at 28.5ЊC on a 14 hr light/10 hr dark absence of Flh, neuroepithelial cells of the dorsal diencycle. Embryos were collected by natural spawning and were staged cephalon still evaginate as an epiphysial vesicle. The according to .
flh Ϫ vesicle never attains the size of the wild-type epiphysis, but a major reason for this must be the near absence dict that genes involved in epiphysial morphogenesis mutation prior to the homeodomain and are thought to be null mutations (Talbot et al., 1995) . The axial mesodermal phenotype of flh Ϫ may be unaffected by the flh mutation.
